Neutron-induced fission cross sections for 242, 243 Cm and 241 Am have been obtained with the surrogate reaction method. Recent results for the neutron-induced cross section of 243 Cm are questioned by the present data. For the first time, the 242 Cm cross section has been determined up to the onset of secondchance fission. The good agreement at the lowest excitation energies between the present results and the existing neutron-induced data indicates that the distributions in spin and parity of states populated with both techniques are similar.
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Neutron-induced cross section data for short-lived nuclei are of great interest in applied and fundamental nuclear physics. For instance, fission and capture cross sections for short-lived actinides are important for nuclear waste transmutation using fast neutrons and for understanding element nucleosynthesis in astrophysics. However, such cross sections are difficult to measure directly as this requires producing and manipulating short-lived radioactive targets. These difficulties can be overcome with the so-called surrogate reaction technique, developed in the 1970s by Cramer and Britt [1] , which consists in measuring the decay probability of a compound nucleus (e.g., fission, neutron emission, or radiative capture) produced via an alternative (surrogate) reaction, in this case a few-nucleon transfer reaction. The surrogate reaction is chosen such that the resulting nucleus has the same mass A and charge Z as the compound nucleus (CN) that results in the "desired" neutron-induced reaction. The neutron-induced cross section of nucleus A, σ A n,i for decay channel "i" is then deduced from the product of the measured probability P 
(1)
In this Letter, we focus on fission cross section measurements. Thus, the exit channel of the surrogate reaction consists of a light ejectile and fission fragments. To determine the fission probability, the number of ejectiles detected in coincidence with the fission fragments is divided by the total number of ejectiles, the latter being labelled as "singles" events. The principle of the method is illustrated in Fig. 1 . Recently, an alternative to the standard or "absolute" surrogate approach, called the surrogate ratio method (SRM) [2, 3] , has been developed. When applied to fission experiments, this method relates the ratio of two fission cross sections to a ratio of ejectile-fission coincident events from two surrogate reactions. The advantage of the SRM is that it removes the need to measure the total number of reaction events, i.e., the "singles" events which, as shown below, eliminates an important source of systematic uncertainty. However, the SRM requires one of the fission cross sections to be known in order to infer the desired one. In addition, the two surrogate reactions should be sufficiently similar; i.e., the projectile-ejectile combination should be the same and the compound nuclei should be close enough in A and Z to have similar properties [4] . This implies severe limitations when one is interested in a region dominated by radioactive nuclei, such as Am and Cm isotopes, for which both data and targets are rather scarce. An important issue to be investigated in the context of surrogate reactions is the difference between the distributions in spin and parity ( J π ) of the states populated in the desired and surrogate reactions, a problem referred to as the " J π population mismatch" in the literature [4, 5] . Since the J π population influences the decay probabilities of the CN, one would a priori expect differences between the decay probabilities measured in surrogate and in neutron-induced experiments. However, in the WeisskopfEwing limit, the decay probability is independent of the spin and parity of the CN and Eq. (1) is valid. The conditions under which the Weisskopf-Ewing limit applies have been investigated in Refs. [4, 5] . It was stated in Ref. [4] that this limit holds when (i) the excitation energy is sufficiently high for the decay widths to be dominated by the statistical level density, and when (ii) the angular momentum of the CN is not much larger than the spincutoff parameter of the level density distribution, which, for the actinide region, is about 7h. Clearly, the comparison between cross sections measured with the surrogate method and those obtained directly with neutrons at low energies should provide information on possible differences between the J π distributions achieved in the two methods. Indeed, at the lowest energies corresponding to the fission threshold, this mismatch could be revealed by transition states near the top of the fission barriers whose feeding could be dependent on the entrance channel. The greatest effect is expected for even-even heavy systems which cross the fission barriers through a few collective states. Nevertheless, and because of a larger density, these transition states should be less important for odd-odd systems. Discrepancies between surrogate and neutroninduced data have been attributed to the J π population mismatch in Refs. [3, 5] .
The present collaboration has already applied the surrogate technique to the measurement of the neutron-induced fission [6] and capture [7] cross sections of 233 Pa (T 1/2 = 27 day). In the present work, the surrogate reaction method is used to determine the neutron-induced fission cross sections of These cross sections are of interest for nuclear waste transmutation. However, in the case of the Cm isotopes, the available data are rather scarce or inconsistent and the international evaluations used for reactor simulations present important differences. To reach and study these nuclei we have employed few-nucleon transfer reactions using a 3 He projectile on a 243 Am(T 1/2 = 7370 yr) target. channels considered in the present experiment, and the corresponding neutron-induced reactions that were obtained with the surrogate method as a result. The advantage of using transfer reactions is clear: the simultaneous access to several transfer channels allows one to determine cross sections for various nuclei from a single projectile-target combination. Moreover, since there are two bodies in the outgoing reaction channel, the excitation energy of the heavy nucleus E * follows a broad probability distribution. The CN excitation energy is related to the neutron energy, E n , via the relation E * = B n + (A − 1) × E n /A, where B n is the neutron binding energy in the CN. Therefore, for a fixed beam energy, the surrogate method enables the determination of cross sections over a wide range of corresponding neutron energies. The same set of nuclei was investigated in the pioneering work of Gavron et al. [8] . However, the aim of that measurement was the extraction of fission barrier heights and curvatures from the onset of the measured fission probabilities rather than the determination of neutron-induced fission cross sections. The set-up used to determine the fission probability of the compound nuclei formed after a transfer reaction is displayed in Fig. 2 .
Two Si telescopes, placed at 130 • (angular aperture ±4 • ) with respect to the beam axis, served to identify the ejectiles. If the corresponding heavy residue undergoes fission, one of the fragments was detected in coincidence by means of a fission-fragment multidetector consisting of 15 photovoltaic cells distributed among 5 units, each composed of 3 cells placed vertically above one another. Four units were located in the forward direction with an angular coverage of 14 • to 125 • . The fifth was positioned at 180 • from the foremost unit. In this way, the fission fragments hitting the foremost unit were detected in coincidence with their complementary fragment in one of the cells of the fifth one. The determination of the kinetic energies of the two fragments in a given fission event provides a means to infer the fragment mass distribution. Results on the latter distribution will be presented in a forthcoming publication. The fifth unit also provided a data point at backward angles for the angular distribution. More details on the experimental set-up can be found in Ref. [6] . The identification of the light charged particles and the determination of their energy and scattering angle was achieved in the Si telescopes. With this information and the related Q -values, the excitation energy E * of the corresponding compound nuclei was determined. The left panel of Fig. 3 illustrates the identification achieved in one of the telescopes through the conventional energy loss vs residual energy plot. By selecting one type of light particle, for example tritons t, the spectrum represented by the solid line on the right of Fig. 3 , the so-called "singles" spectrum N sing , is obtained. It represents the number of tritons, i.e., the number of 243 Cm nuclei, as a function of their excitation energy. The broad peaks at the highest excitation energies in the spectrum stem from transfer reactions on the carbon backing and on 19 F impurities in the target.
The background from reactions on carbon was measured separately and subtracted from the singles spectrum. The resulting singles spectrum was interpolated under the 19 F peaks, introducing an additional source of uncertainty. This systematic error represents at most a 4% contribution to the overall uncertainty. By selecting the tritons detected in coincidence with a fission event, the spectrum associated with the number of 243 Cm nuclei that have undergone fission, N coin , is obtained (see dashed line in the right panel of Fig. 3 ). The ratio between the N coin and N sing spectra, corrected for the fission detector efficiency E ff (E * ), gives the fission probability of 243 Cm as a function of the excitation energy; i.e.,
The geometrical efficiency of the fission detector was approximately 47%, and was calculated with a Monte-Carlo simulation that also reproduced the experimental efficiency determined from a measurement with a 252 Cf source. With this Monte-Carlo simulation, it is possible to calculate the effective efficiency for each E * bin. The effect of the fissionfragment angular anisotropy on the detector efficiency amounts to a 2-3% correction at most. Our results for the fission probabilities are in general good agreement with the ones of Ref. [8] . However, our data extend to higher E * . The maximum neutron energies considered in [8] translated into the associated neutron-induced fission cross sections by multiplying the experimental fission probability with the corresponding calculated CN cross section. The latter was obtained with a Lane-consistent semi-microscopic [9] deformed [10] optical model potential built using deformed radial nuclear densities calculated in the Hartree-Fock-Bogoliubov framework with the Gogny D1S interaction [11] . The error associated with the CN cross sec- tion is estimated to be ∼ 10%. The results for the three surrogate reactions under investigation are displayed in Figs. 4, 5 and 6. The final error on the reported cross sections is 11% on average and reaches 14% in regions with low statistics. A detailed description of how different sources of errors were considered will be presented in a forthcoming paper. The binning size for the data is 210 keV. As shown in Fig. 4 , the measured 241 Am(n, f) cross section is in good agreement with the data by Dabbs et al. [12] and with the available evaluations JENDL [13] , JEFF [14] and ENDF/B-VII [15] . We have chosen the data by Dabbs et al. [12] among all the other neutron-induced data for 241 Am because they cover a broad range in neutron energies, they represent the shape of the majority of the data rather well and they are commonly used for evaluations. Fig. 5 presents the results for 242 Cm(n, f) in comparison with the data by Vorotnikov et al. [16] : there is good agreement between both sets in this case as well. For neutron energies larger than 1.4 MeV, no other neutron-induced data exist. This presumably accounts for the important discrepancies between evaluations based on various international libraries in this energy range, although the JENDL and JEFF libraries present the best overall agreement with the data. The 243 Cm(n, f) cross section can be found in Fig. 6 . Due to the presence of contaminant peaks, the maximum neutron energy extracted in this case is 3 MeV. The results are compared with the most recent measurements by Fomushkin et al. [17] and by Fursov et al. [18] . At the lowest neutron energies, the agreement between the three measurements is rather satisfactory. Beyond 0.7 MeV, however, the present data follow those of Ref. [17] fairly well, but they clearly deviate from those of Ref. [18] . Concerning the libraries, JENDL closely follows Ref. [18] above 0.7 MeV. ENDF is in satisfactory agreement with the present data above 0.7 MeV and JEFF is compatible with our data and Ref. [17] only between 0.5 and 1.8 MeV. The cross sections of Ref. [18] , in the 1 to 3 MeV energy range, are significantly higher than those measured for neighboring fissile isotopes such as 245 Cm [19, 20] and 247 Cm [18] , which are all below 2 barns. Moreover, under the reasonable assumption that the neutron inelastic scattering cross section on 243 Cm ranges from 1 to 1.5 barns at 2 MeV neutron energy, the value of the fission cross section of 2.6 barns obtained in Ref. [18] at 2 MeV would result in a total compound cross section (neglecting the capture contribution) varying from 3.6 to 4.1 barns, a value considerably larger than the 3 barns predicted by optical model calculations [9, 10] . All these arguments suggest that the results in Ref. [18] (and, hence, the JENDL evaluation) overestimate the 243 Cm(n, f) cross section at neutron energies between 0.7 MeV and 3 MeV. Fig. 7 illustrates in detail the low neutron-energy part of Figs. 4, 5 and 6. The binning size of our data is bigger than the one of the neutron-induced measurements. However, Fig. 7 indicates that, for all three nuclei, the surrogate reaction data reproduce very well the general trend of the neutron cross sections and no systematic discrepancies are observed between the present results and the neutron-induced measurements at the lowest energies. This good agreement is particularly interesting in the case of the even-odd 243 Cm and even-even 244 Cm compound nuclei, as it indicates that the J π distributions of the states populated through the transfer reactions used in this work are similar to those of the levels fed in the corresponding neutron-induced reactions. This absence of J π effects is at variance with the J π distribution disparities suggested for CN 237 U in Ref. [3] , and with Ref. [5] , where the J π distribution populated in the 234 U(t, p) reaction was corrected in order to reproduce the 235 U(n, f) data. Note, however, that the fissioning nuclei considered in Refs. [3, 5] are lighter than the ones studied here. In summary, the surrogate reaction method was used to determine the neutron-induced fission cross sections of three shortlived actinides. lowest neutron energies, but are clearly below the recent data of Fursov et al. [18] beyond 0.7 MeV. The good agreement observed at the lowest neutron energies between the present results and the neutron-induced data for 242 Cm(n, f) and 243 Cm(n, f) indicates that the population of excited states generated by the transfer reactions used in this work is similar to the distribution fed in neutroninduced reactions. This agreement illustrates the potential of the surrogate reaction method to provide neutron-induced fission cross sections for short-lived nuclei. Further experimental and theoretical efforts are, however, required to extend the use of this powerful technique to other types of cross sections such as radiative capture as well as to asses and understand the limits of its application.
